The influence of a supplementary bradyrhizobial inoculation after an initial seed slurry inoculation with the same strain on nodulation and N2 fixation in soybeans was examined in the greenhouse. The plants were grown in a Typic Eutrocrepts soil: sand mixture containing 25, 65, or 83 mg of N per kg (i.e., native soil N plus l5N-labeled ammonium sulfate). Harvests were made at early flowering and physiological maturity. The supplementary inoculations which were made 14 or 21 days after planting (DAP) caused formation of substantially more nodules than the single slurry inoculation did. Autoregulation was therefore not completely successful in preventing subsequent infections. For the slurry-inoculated plants, at both harvests the proportion of N derived from fixation was greatest in the soil containing the least N, and only slight increases in N2 fixation resulted from a second inoculation. The inhibition of N2 fixation at the higher N levels was significantly reduced by a second inoculation at 21 DAP; this treatment resulted in at least a doubling of both the percentage and total amount of N2 fixed by the single slurry inoculation at physiological maturity. The N2 fixation increases resulting from the supplementary inoculation at 14 DAP were less pronounced and not significant. Greater N2 fixation was frequently not reflected by increased total N or dry matter yield, suggesting that the major benefit of the increased fixation was a decreased dependence of plants on soil N for growth.
The influence of a supplementary bradyrhizobial inoculation after an initial seed slurry inoculation with the same strain on nodulation and N2 fixation in soybeans was examined in the greenhouse. The plants were grown in a Typic Eutrocrepts soil: sand mixture containing 25, 65, or 83 mg of N per kg (i.e., native soil N plus l5N-labeled ammonium sulfate). Harvests were made at early flowering and physiological maturity. The supplementary inoculations which were made 14 or 21 days after planting (DAP) caused formation of substantially more nodules than the single slurry inoculation did. Autoregulation was therefore not completely successful in preventing subsequent infections. For the slurry-inoculated plants, at both harvests the proportion of N derived from fixation was greatest in the soil containing the least N, and only slight increases in N2 fixation resulted from a second inoculation. The inhibition of N2 fixation at the higher N levels was significantly reduced by a second inoculation at 21 DAP; this treatment resulted in at least a doubling of both the percentage and total amount of N2 fixed by the single slurry inoculation at physiological maturity. The N2 fixation increases resulting from the supplementary inoculation at 14 DAP were less pronounced and not significant. Greater N2 fixation was frequently not reflected by increased total N or dry matter yield, suggesting that the major benefit of the increased fixation was a decreased dependence of plants on soil N for growth.
Maximum nitrogen fixation in a legume requires that the legume be adequately nodulated. Scanty and poorly distributed nodules on the root system do not usually satisfy the nitrogen needs of the plant (1), resulting in greater reliance on soil N for growth. Supplemental inoculation to correct initial suboptimal nodulation has been recommended by Ciafardini and Barbieri (1) , who reported greater nodulation and N2 fixation in soybeans inoculated by using this approach than in those given a single slurry inoculation. Although Wadisirisuk et al. (18) , using a sequential inoculation with an effective strain, reported increased nodulation in soybeans, N2 fixation was not significantly enhanced. They found, however, that the initial low level of N2 fixed as a result of an earlier inoculation with an ineffective bradyrhizobial strain was increased by a later inoculation with an effective strain. These results appear to indicate that a second inoculation may be most beneficial under conditions of initial impairment of the N2 fixation potential of soybeans.
High soil N is one of the factors that commonly inhibit nodulation and N2 fixation. Although reduced symbiotic efficiency (especially in a soil high in N) may not affect soybean yield (12, 19, 20) , the resulting increased soil N uptake results in a depletion of soil N and represents an inefficient use of a legume in a cropping sequence (11) . The present study examined the hypothesis that a second inoculation might enhance nodulation on plants grown in soils containing high levels of N. Nitrogen derived from soil (in the cases of the Ni and N2 treatments) was estimated as the difference between total N in plant and the N derived from fertilizer and fixation. Because the initial 15N in the N3 soil was not determined, soil plus fertilizer N uptake (total N -N2 fixed) rather than soil N uptake was determined for this treatment.
Four seeds were planted on 20 December, and seedlings were thinned to two after emergence. Supplementary 12-h lighting of 100 VLmol/m2 per s photosynthetic active radiation (400 to 700 nm) was provided during the day (high-pressure sodium lamp; Phillips, Eindhoven, The Netherlands), and the mean day and night temperatures were 28 and 20°C, respectively. Triplicate treatments were arranged in a completely randomized design. Plants were watered from below, by capillarity from water contained in saucers. Harvests were made at 35 and 80 DAP, when plants were at the first-flower and physiological maturity growth stages (7), respectively. For the first harvest, all the above-ground plant material was bulked and dried at 70°C for 48 h. The pods present at the second harvest were harvested separately from the shoots. This separation was done to reduce sampling errors (9) . Plant samples were dried at 70°C for 2 days, weighed, ground to pass through 0.2-mm-mesh sieves, and analyzed for total N (6) and 15N/14N isotopic ratios (8) . In cases in which plants were separated into different parts, a weighted atom percent 15N excess for the whole plant was obtained using the equation described by Fried et al. (9) .
Nodule counts were made on the following sections of the root: 0 to 5, 5 to 10, 10 to 15, and >15 cm from the stem base.
Statistical analysis was by two-way analysis of variance, and statistical differences were assessed by the Duncan multiple-range test at a significance level of P < 0.05.
RESULTS

Numbers of nodules.
No nodules were formed on the uninoculated controls. Nodulation on the SLSU-inoculated plants at the first harvest (35 DAP) was generally greater than for the SL-inoculated plants ( Fig. 1) (means, 17, 90, and 46 nodules per plant for SL, SLSU14, and SLSU21 inoculations, respectively). The soil N treatment effects were generally less pronounced than those of methods of inoculation.
At the second harvest, the greatest and most consistent increases in nodulation had occurred on the SLSU21-inoculated plants ( Fig. 1) , with the lowest number of nodules always occurring on the SL-inoculated plants. However, unlike at the first harvest, the SLSU21-inoculated plants from the second harvest formed more nodules in each soil than did the SLSU14-inoculated plants. The average increase in nodule numbers was approximately twofold.
Nodule distribution. Without exception, the greatest proportion of nodules was formed on the 0-to 5-cm segment of the root at the first harvest (Fig. 1) . The relative magnitudes, however, were influenced by the method of inoculation. On the average, a far greater proportion of the nodules was located on this root portion in the SL-inoculated plants than in either the SLSU14-or SLSU21-inoculated plants. In terms of absolute numbers, however, the supplemental inoculations resulted in more nodules on the 0-to 5-cm segment than the SL inoculations did. Few nodules were observed beyond the 5-cm portion of the root in any of the SLinoculated plants at the first harvest. Nodulation below the 0-to 5-cm root zone was enhanced by the supplemental inoculations ( Fig. 1) .
At the second harvest, the pattern of nodule distribution on the SL-inoculated plants was essentially similar to that of the first harvest, with hardly any nodules being formed below the topmost 5-cm root segment (Fig. 1) . The most significant increases in numbers of nodules between the first and second harvest occurred in the SLSU21-inoculated plants, with the relative increases being greater below the 5-cm root zone than above it.
Nodule weight. First-harvest nodule weights on the SLSU14-inoculated plants were higher at the N2 and N3 levels than at the Ni level; they were also higher than those of both the SL-and SLSU21-inoculated plants in the N2 and N3 soils (Table 1) . At the second harvest, total nodule weights were similar on the SL-and SLSU14-inoculated plants for all soil N treatments. The SLSU21 inoculation gave significantly higher total nodule weights per plant than the SL treatment at the N2 and N3 levels but not at the Ni level. They were also greater than nodule weights of the SLSU14-inoculated plants, but the differences were significant only in the N2 treatment (Table 1) .
Nitrogen fixation. At the first harvest, although the additional inoculation at 14 DAP had little effect on the percentage of N2 fixed in plants in the Ni treatment, it resulted in 18-and 2-fold increases in the percentage of N2 fixed in plants in the N2 and N3 treatments, respectively (Fig. 2) Nitrogen derived from soil. Data for N absorbed from soil or from soil plus fertilizer by plants at the second harvest are presented in Table 2 . Because the initial '5N enrichment in the N3 soil was not determined, only the total N absorbed from soil plus fertilizer could be estimated. The method of inoculation had no effect on the proportion or amount of native soil N accumulated at the Ni level. At the two higher N levels, however, the SL-inoculated plants accumulated more soil N than the SLSU14-and SLSU21-inoculated plants did. The SLSU21 inoculation also resulted in the lowest proportion of soybean N being derived from soil. The lower proportions of N derived from soil in the SLSU14-inoculated plants were not significantly different from those of the SL-inoculated plants.
Total N. Large increases in plant N (up to 10-fold) occurred between the first and second harvests ( Table 3 ). The data indicate that at the second harvest, plant N in the Ni soil was not influenced by method of inoculation. At the N2 level, however, SLSU21-inoculated plants accumulated significantly more N than the SL-and SLSU14-inoculated plants. With plants grown in the N3 soil, all plants accumulated similar amounts of N at the second harvest, except for the larger amounts of N in the SLSU21-inoculated plants than in the SLSU14-treated plants. Plants which received identical inoculation treatments in the Ni-and N2-treated soils accumulated similar amounts of N, which in all cases were smaller than amounts in similarly inoculated plants in the N3-treated soil.
Dry matter. The aboveground dry matter yields are presented in Table 4 . Except for the SLSU21-inoculated plants grown at the Ni level and the SLSU14-inoculated plants grown at the N2 level, which at the first harvest had significantly higher dry matter yields than the plants receiving other inoculation treatments did, inoculation had little effect on dry matter yield at the first harvest. Also, with few exceptions, similarly inoculated plants had similar dry matter yields. At the second harvest, the uninoculated control plants generally gave only slightly lower dry matter yields than the inoculated treatments did, except in the N3 soil, in which the SLSU21 inoculation resulted in higher dry matter yield than all the other inoculation methods did. This was the only instance in which a supplementary inoculation significantly enhanced dry matter yield.
DISCUSSION
The age, numbers, spatial distribution, and weight of nodules are factors that influence N2 fixation by legumes. These nodulation parameters are also affected by the method of rhizobial inoculation (4, 14) . Even though it is unlikely that the 50-ml suspension of bradyrhizobia that we used resulted in uniform distribution of cells in the whole soil, the nodulation data suggest that it must have resulted in better distribution than the SL treatment. Seed inoculation gave rise to fewer nodules which were more restricted to the crown roots (within 0 to 5 cm of the stem base) than a supplemental inoculation with bradyrhizobia suspended in water did. The data support earlier observations made with soybean plants grown in the same soil (2, 12) . These nodu- Decreases in the proportion of plant N derived from N2 fixation commonly occur as available soil N increases (3, 13) . However, since the inhibitory effect of N added to soil decreases with time (5), it was considered possible that nodulation and N2 fixation from a supplementary postemergence inoculation would be inhibited less than they would in an SL inoculation made at planting. On the basis solely of data obtained by the traditional SL inoculation method, the fact that smaller amounts of N2 were fixed by plants at the higher N levels (N2 and N3) than at the Ni level suggests an inhibition of N2 fixation that is due to soil N levels, i.e., increasing soil N resulted in suboptimal levels of N2 fixation. It was therefore expected that the greatest increase in N2 fixation (e.g., through management practices) would be in the N2 and N3 soils, in which the SL inoculation resulted in only 21 and 20%, respectively, of soybean N being derived from N2 fixation, compared with 55% at the Ni level.
At physiological maturity, supplemental inoculation increased N2 fixation in all cases. However, the magnitude of the increase differed with the different soil N levels. In the N2 and N3 treatments, the SLSU21 inoculation doubled the percentage and total amount of N2 fixed by the SL treatment, while the corresponding increase at the lowest N level was far less (from 55 to 64%, or 0.07 to 0.09 mg per plant).
These observations support the hypothesis that N2 fixation in soils with high N levels might be less inhibited in plants receiving supplemental inoculation than in those inoculated only at planting. It may also be inferred that supplemental inoculation might have a greater impact in soils of very high N content than in low N soils. The availability of N to plants from added N fertilizer decreases rapidly with time (9) . It is therefore most likely that enhanced N2 fixation in soils with high N levels was due to the formation of extra nodules from the 21-DAP inoculation when the available N in soil had been substantially reduced. Nitrogen fixation in these laterformed nodules would consequently be expected to be less inhibited by inorganic N than in the earliest-formed nodules (from the SL inoculation). Besides, many of the nodules of the SLSU21 inoculations are likely to be younger and probably are more active in N2 fixation for a greater part of the reproductive stages of soybeans than the earlier-formed nodules of the SL treatment are. This delayed-nodulation phenomenon would also account for the greater N2 fixation at physiological maturity by the SLSU21 than by the SLSU14 inoculation.
The lower N2 fixation rate resulting from the SLSU21 inoculation than from the SLSU14 inoculation at 35 DAP could be attributed to insufficient time between the 21-DAP inoculation and the 35-DAP harvest period, i.e., the infection and effective functioning of nodules required more time than was available before harvest. None of the increases in N2 fixation from the supplemental inoculations, however, could completely protect soybeans from the inhibitory effect of N on N2 fixation, since the highest percentage of N2 fixed at physiological maturity in either the N2 or N3 soil (42 and 38%, respectively, in SLSU21-inoculated plants) was 56, 1990 soil N, subsequent rotational crops will have more soil N available for growth.
The early advantage in N2 fixation gained by the 14-DAP over the 21-DAP supplementary inoculation disappeared by the physiological-maturity harvest. The consistent trend found at this later harvest of higher N2 fixation corresponding with the longer delay in applying the supplemental inoculation suggests the possibility that longer delays in applying the supplemental inoculation, i.e., beyond the 21 DAP used in this study, were necessary for still higher increases in N2 fixation. This would then agree with the suggestion of Ciafardini and Barbieri (1) that supplemental inoculation may be beneficial only if the reinoculation occurs 20 to 30 days following the appearance of nodules on the primary roots (i.e., at least 30 to 40 days after the first SL inoculation, allowing a minimum of 10 days for the appearance of the first nodules). However, this hypothesis is not supported by the data of Danso and Bowen (2), who observed that supplemental inoculation 42 days after the first inoculation with an effective strain was not superior in N2 fixation to slurry inoculation at planting or supplemental inoculations at 14 and 28 days after the first inoculation.
